Adaptive optics at astronomical telescopes aims at correcting in real time the phase corrugations of incoming wavefronts caused by the turbulent atmosphere, as early proposed by Babcock.1 Measuring the phase errors requires a bright source located within the isoplanatic patch of the programme source. The probability that such a reference source exists is a function of the wavelength, of the required image quality (Strehi ratio), of the turbulence optical properties, and of the direction of the observation. It turns out that the sky coverage is disastrously low2 in particular in the visible wavelength range where, unfortunately, the gain in spatial resolution brought by adaptive optics is the largest. Foy and Labeyrie3 have proposed to overcome this difficulty by creating an articial point source in the sky in the direction of the observation relying on the backscattered light due to a laser beam. This laser guide star ( hereafter referred to as LGS) can be bright enough to allow us to accurately measure the wavefront phase errors, except for two modes which are the piston (not relevant in this case) and the tilt. Pilkington4 has emphasized that the round trip time of the laser beam to the mesosphere, where the LGS is most often formed, is significantly shorter than the typical tilt coherence time; then the inverse-return-of-light principle causes defiections of the outgoing and the ingoing beams to cancel. The apparent direction of the LGS is independent of the tilt. Therefore the tilt cannot be measured only from the LGS.
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Until now, the way to overcome this difficulty has been to use a natural guide star to sense the tilt.57 Although the tilt is sensed through the entire telescope pupil, one cannot use a faint source because 90% of the variance of the phase error is in the tilt. Therefore, correcting the tilt requires a higher accuracy of the measurements than for higher orders of the wavefront.8 Hence current adaptive optics devices coupled with a LGS face low sky coverage.9'2 Several methods have been proposed to get a partial sky coverage for the tilt.8"°" The only one providing us with a full sky coverage is the the polychromatic LGS'2"3 (hereafter referred to as PLGS).
We present here a progress report of the R&D programme Etoile Laser Polychromatique et Optique Adaptative (ELP-OA) carried out in France to develop the PLGS concept. After a short recall of the principles of the PLGS, we will review the goal of ELP-OA and the steps to get over to bring it into play. We finally shortly 'described the effort in Europ to develop the LGS. 
PRINCIPLE OF THE PLGS
The concept of the PLGS relies on the chromatic properties of the refractive index of air, n. n varies with the wavelength, quite abruptly in the ultraviolet range. Thus, a process which produces backscattered light at several different wavelengths in the uppermost atmosphere, including ultraviolet lines, will cause the backscattered light to cross the atmosphere through different optical paths. Such a process can be stimulated by exciting mesospheric sodium atoms up to the 4D512 energy level, from which the radiative decay down to the ground level produces a line spectrum spanning the wavelength interval from 330 nm to 2.3 ,am, as shown in Fig. 2 . A two-photon coherent absorption through the 3P312 energy level and the 589 and 569 nm transition allows us to reach the 4D512 energy level.
The monochromatic components of the polychromatic LGS appears slightly shifted in the sky: this is the differential tilt, 0. It is related to the tilt, 9, through 69=9xön/(n-1), (1) where 5n stands for the variation of n over the wavelength baseline of the monochromatic components used for 60. More details about the conditions of this excitation of mesospheric sodium atoms are given in Foy et al. . 13 Let us recall here the laser peak power of the saturation of the absorption in the two transitions : 'sat (hZ)/(uT) 185 W m2 and 475 W m2 for single mode laser respectively for 589 and for 569 nm, where h is the Planck constant and v, a and r are respectively the frequency, the cross section, and the lifetime of the transition, respectively. The following topics have to be addressed in order to state that the concept of the PLGS is really able to provide tilt measurements . return flux at 330 nm . telescope vibrations . accuracy of the position measurements S atomic physics model of the sodium atom . budget link . R&D of dedicated lasers
The ELP-OA programme aims at addressing these topics in order to run a PLGS coupled with the adaptive optics device BOA developed by ONERA'4 at the 1.52 m telescope at Observatoire de Haute-Provence (OHP) and to observe long-exposure diffraction limited images without any natural reference source. In the following sections, we will describe results we have obtained by the end of the feasibility study of ELP-OA (December 1999).
RETURN FLUX AT 330 NM: THE PASS-2 EXPERIMENT
Since the tilt is derived from a differential measurement , significantly more flux is required to determine the position of the monochromatic components of the PLGS than that of a natural guide star. This is particularly crucial for the 330 nm component, which has the maximum weight in the tilt determination because of the steep variation of n around this wavelength. We had carried out a first experiment'5'16 to measure the return flux at 330 nm at the Lawrence Livermore National Laboratory. It was the Polychromatic Artificial Star System experiment (hereafter referred to as PASS-i) . The average laser power of the copper vapor lasers used was i80 W for each of the beams locked on the two transitions. The return flux at 330 nm was 4.5 iO photons/s/m2 for a pulse repetition rate of 4.3 kHz, a pulse FWHM of 50 ns and a modulation of 3 GHz at 589 nm and i GHz at 569 nm. Increasingthe repetition rate by a factor of 3 up to i2.9kHz had led to a decrease of the return flux by a factor of 2. Poorweather conditions had prevented us from making measurements at lower powers which are required to fit the observations with atomic physics models. On the other hand, preliminary computations of sodium atom models predicted return fluxes significantly lower than those observed at the LLNL. Thus, we have carried out a second experimental campaign on the sky at the Commissariat a l'Energie Atomique (hereafter referred to as CEA) at its Pierrelatte site. This was the PASS-2 experiment. The run lasted 6 weeks, in October and November of i999. See Schöck et al. '7 for an in-depth description and discussion of the PASS-2 experiment.
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The laser chain schematic is shown in Fig. 3 . Dye oscillators are pumped with ICL 400 copper vapor lasers from CILAS. The parameters of the laser chain are given in Table i. 314 Table 1 . Principal characteristics of the laser configuration.
Two series of measurements of the return flux at 330 nm have been performed with two different oscillators. With the SILVA oscillators: We first used the CEA oscillators with either no modulation, or a single sine modulation (at 180 MHz), or a two-sine modulation (at 180 and 300 MHz) for the 589 nm beam and a single sine (at 125 MHz) for the 569 nm beam. In both the last cases, the modulation width was 0.5 GHz.
Return fluxes measured are shown in Fig. 4 . The return flux is 30,000 photons m2 s at 50 W per beam.
It is consistent with the measurements at the LLNL at 180 W. Indeed since we are at saturation the return flux increases as the intensity, i.e. the return flux at the CEA is expected to be lower by a factor of 3.6. In addition, because of the narrower modulation bandwidth at the CEA, which spans only a part of the F=2 component of the 589 nm transition, and taking into account the Rabi frequency, only a third of the velocity classes of the sodium atoms are excited in the D2 transition. Then, the resulting theoretical ratio of the return flux at the LLNL versus that at the CEA is 11 . The sodium column density may also have been different during these two campaigns.
With the LSP oscillators: The modulation function of the laser spectral profile looks like a multi Dirac delta function, as long as the Rabi frequency does not fill the gap between the peaks (which would result in a poor efficiency) . Then, it is mandatory that modulation functions of both beams are locked on the same radial velocity; if this is not the case, atoms excited by the 589 nm beam to the 3P312 energy level may be not excited to the 4D512 level by the 569nm beam.
Spectral jitter of the lasers causes ramdomly variable shift of the beam spectral profile. This shift is different for the two beams. The oscillator of the SILVA chain has a spectral jitter width of 100 MHz. It is negligible with respect of the Rabi frequency at the highest peak power we have used (350 MHz). But the spectral jitter is much larger than the homogeneous width (respectively 10 and 13 MHz at 589 and 569 nm) Then, at low values of the peak power, it would cause the excitation efficiency to drop significantly. Since we have to decrease the average laser power as much as possible in view of astronomical applications of the PLGS, the spectral jitter is a major concern. Therefore the LSP has developed an oscillator with a spectral jitter significantly lower than the homogeneous width of the transitions. It has been used during the PASS-2 experiment where it was amplified with the SILVA chain.
The low-jitter oscillator is built from a cw laser with a dye jet (599-21 Coherent), which is monomode and frequency locked. It is pumped by a YAG cw laser (VERDI/Coherent). Two such oscillators provide us with the two wavelengths at 589 and 569 nm with an accuracy $ 1 MHz. The two beams are then preamplifled in two multi-pass devices with gains of up to 10,000. The control of the wavelengths was done with a lambdameter (accuracy 50 MHz) and a sodium oven. The sodium oven allowed us to correlate the flux at 330 nm returned from the PLGS in the mesosphere with the laboratory measurements. This chain has been coupled with the CEA amplifiers to produce a laser beam at 589 and 569 nm launched into the mesosphere with a negligible spectral jitter. Because of the lack of time, the modulators and the beam stabilisation devices had not been transfered from the CEA oscillator to the LSP oscillator during this experiment. The rms fluctuation of the beam direction at one wavelength with respect to the other was 4 arcsec; the beams were also superimposed quite poorly (in spite of a large seeing, r0 5 cm), which lowered the volume in the mesosphere where the two-photon excitation process could occur. The preliminary results given in Fig. 5 will be corrected for this bias in the final version of the data processing. Then, the effect of the spectral jitter on the efficiency of the process will be quantitatively estimated from the experimental measurements.
We ran two complementary experiments in parallel. The first one, conducted by the Gaiway team, had the purpose of measuring the sodium column density. Two instruments have been installed at the focus of a 30 cm telescope located 65 m from the launch telescope . a LIDAR-like system (based on an APD and a boxcar) , measuring the backscattered intensity as a function of time; it was synchronized with the laser pulses. Its purpose was in particular to correlate, if possible, time variations in the column density with sporadics. S a CCD camera, with a lower spatial resolution than the APD. Data acquired with these instruments will allow us to know the column density, which is an important parameter in the models. Data are currently being processed.
The second experiment is a Generalized Seeing Monitor8 (hereafter referred to as GSM) loaned by the Université de Nice-Sophia-Antipolis, of which the purpose was to provide measurements of Fried's parameter, TO simultaneously with the return flux measurements. Then, the laser spot area in the mesosphere can be determined and consequently the intensity, which is another critical parameter in the models. On average, we found ro 4 cm. The GSM has also provided us with a monitoring of the atmosphere transmission, allowing us to correct the measured return fluxes for variations in this parameter. The conditions either of seeing or of transmission were acceptable only during 4 nights. to the support of the seismometer, which is fixed to the telescope. Two such seismometers are required to measure vibrations along the two telescopes axes. Two linear motors (LVDT) in opposite phase at each end of the arm servo its position with the tension applied providing the angular motion measurement.The measured rms noise of the pendular seismometer is 3 marcsec in the 0-25 Hz band: this prototype already matches the specifications for diffraction-limited imaging at 8-10 m class telescopes.
The goal of the next step of the ELP-OA project is to observe long exposure diffraction limited images at the OHP 1.52 m telescope. We have measured the vibration properties of this telescope with the pendular seismometer. Figure 6 and 7 show that they lie within the range of the usual tip-tilt mirror specifications.
SODIUM ATOM MODELS: BACON CODE AND KINETICS EQUATION MODEL
The code Bacon has been developped for the ELP-OA project. It aims at optimizing the photon flux (at 330 nm) as a function of the laser excitation parameters (fluence, pulse duration, phase modulation parameters, etc.). A density matrix formalism has been used to solve the 48 equations of the two-step excitation process of the sodium atom W and with a single-sine modulation, the intensity at Pierrelatte was 9 W cm2 (laser parameters: see Table 1 , spot FWHM: 4.7m). Then, according to the figures the absorption at the sodium layer was saturated. Given an average laser power, a lower peak power and a higher pulse repetiton rate would lead to higher return fluxes.
Because of the relatively large number of sub-levels and of the sampling of the Doppler line profiles, computation times for a single parameter configuration are large (several hours on a parallel computer) . We have therefore developed a much faster code; it is based on the following kinetics equations: where the non-resonant terms are designed between the square brackets in Eqs. 2 and 4. We have calibrated these kinetics equations code by means of the Bacon code.
ACCURACY OF MEASUREMENTS: THE MATILD EXPERIMENT
The differential tilt is of the tilt, from Eq. 1. Thus, measuring the tilt at an accuracy of a fraction of the Airy disk from the differential tilt requires accuracies ranging around 1 mas. Our MaTilD experiment25 aims at testing whether this accuracy is achievable. A multi-wavelength (from 300 to 673 nm) point source is generated and the beams are propagated horizontally over 100 m . Data have first been simulated to evaluate the sources of noise and bias (photon noise, speckle noise, dark current, readout noise, slight overlapping of the monochromatic images). Figure 10 shows the correlation between the tilt and the tilt mesured from the differential tilt over a limited spectral basis, obtained from simulated data including all the identified sources of noise.
The gain in the rms error in the measurement of the image positions with respect to the center of gravity method is huge, according to these first estimates. where /3A 0( (nA _ 1)/,\; therefore the coefficients of the expansion, Ck,A, are identical but the two first ones, which have to be determined. The first estimates of the accuracy obtained with this algorithm in the determination of the position of the monochromatic components is very encouraging (see Table 2 ) . The rms error is smaller than that obtained with the center of gravity algorithm by a factor 3 to 10 for 106 to iO photons per image.
BUDGET LINK
The purpose of the end-to-end model17 of the PLGS process is to estimate the Strehi ratio of long exposure images as a function of the observation wavelength, r0, the wavefront coherence time TO, and the laser power. The Strehi ratio due to the tilt writes as26 Stilt = 1 2'
1 + (h + u) () where ph and ob stand for the photon noise standard deviation and for the bandwidth error respectively, where .A is the observation wavelength, and where D is the diameter of the telescope under consideration. Photon noise is expressed as
where crSOt 5 the half-width at /i7of the LGS spot image on the detector, ij is the end-tO-end efficiency, 4 is the flux of photons at the ground (assuming no absorption and i = 1) , Ar S the area of the receiving telescope, and t is the integration time.
The temporal bandwidth variance is27 cJ = (fT/f3dB)2(A/D)2 (13) where fT 5 the tilt coherence frequency, equivalent to the Greenwood frequency which accounts for all the modes
Here, 8 is the zenith angle, C,(h) is the turbulence structure constant as a function of altitude, h, and V(h) is the wind velocity. f3dB 5 the temporal 3dB frequency of the correction system under the assumption that the transfer function of the system is given by H(f) = i/f3dB (15) The integration time and the bandwidth of the system are then related by28 13dB 121/4 . (2irt).
Then we get
where a cx ,\_2 and b x f(O.5um))ç2 . The integration time which lead to the maximum Strehi ratio is then given by ti = () (18) It is worthwhile noting that the best integration time is not dependent on the observation wavelength. Typical values range between 30 and l5Oms. Figures 11 and 12 show an example of the variation of the tilt-limited Strehi respectively versus the integration time and versus the observation wavelength for parameters typical of OHP. With these conservative parameters, a provisional estimate of the tilt-limited Strehl ratio is higher than 50% at 2.2 m, and 8% at 550 nm in the visible. It assumes that the phase mapping method is used to measure the differential tilt.
. Figure 11 . Strehi versus integration time for the Figure 12 . . studying the science which is expected with a laser guide star at a very large telescope; an analytical code of the Strehi ratio expected as a function of atmospheric parameters (ro , vertical profile of the turbulence and coherence time TO), magnitude of the natural guide star or of the LGS, detector performances of the detector of the wavefront sensor, . . .). Using either statistical properties of the distribution of stars in the sky (as a function of the galactic latitude) or crosscorrrelations of catalogues of stars with catalogues of objects of astrophysical interest, the sky coverage has been determined. It turns out to be particularly poor at visible wavelengths. S providing a package of codes necessary to simulate the different steps or processes involved in the laser guide star concept.29 This package is named CAOS. It runs under the IDL environment. All the package modules are cross-compatible. In particular the package include all the modules necessary to run an end-to-end simulation. It relies on a Monte-Carlo simulation. It includes -a set of modules, each of them representing basic physical processes and basic components of an astronomical AO system. -an application builder which permits to design simulation projects making use of the modular structure.
-a library of global utilities.
-templates with hints on writing new modules. Many features can be modeled, as the effect of the Rayleigh cone on Shack-Hartmann sensing on a sodium LGS, modal filtering, turbulent atmosphere wind-shifting, multiple sources management, interferometry, etc. S addressing the problems related to operational issues, such as safety (staff, airplanes, satellites) ,light pollution30 (detectors, on-site telescopes) , laser technologies, infrastructure requirements and operational costs, tuning of the point spread function, ... S progressing in the wavefront sensing:
-tilt measurement, as with the polychromatic guide star described in this paper, or with the perspective method31'32 in which mobile auxiliary launch telescopes are used to sense the tilt of the beam backscattered in the mesosphere with respect to a natural guide star; W9d.'gth() -the cone effect'33 which is due to the finite distance of the LGS whereas the programme objects are at infinity; the beams from the LGS which reach the edge of the primary mirror of the telescope do not cross the turbulent layers in the same location as the beams from the programme object, which results in a wrong measurement of the phase error and in a wrong correction applied to the deformable mirror. The 3-dimensional mapping of the turbulent layer allows us to reconstruct the total phase error along these beams.34'35 A very important byproduct is the widening of the corrected field which will be fully exploited with multiconjugate adaptive optics36'37; -optimisation of the wavefront sensing for instance through the development of a new wavefront sensor which is the pyramid wavefront sensor38
S making use of the feed-back expected from the experiments carried on by the participants, such as the measurements of the seeing vertical distribution,39'40 the sodium column density in the mesosphere,41'42 the LGS -adaptative optics experiment ALFA43 and ELP-OA. The ELP-OA programme take benefit from the R&D programme of this network, in particular from the simulation package, from the ongoing experiments and sodium density monitoring, and from postdoc positions.
CONCLUSIONS
We have described the successful achievement of critical tasks of the feasibility study of the ELP-OA programme. This first phase of the ELP-OA has been completed at the end of 1999. The following forthcoming improvements in the budget link are expected . good seeing site. Considering r0 20 cm increases fT significantly and consequently the integration time for tilt measurements.
. larger launch telescope. Launching the beam with a larger diffraction-limited telescope leads to a smaller spot size in the mesosphere, and consequently to a smaller contribution of photon noise to the Strehl degradation.
. cw lasers. Using cw lasers or lasers pulsed at high pulse repetition frequency would avoid to saturate the twophoton absorption.
S 5 pulse lasers Using lasers with ultra short pulses ( 100 ps) leads to a total inversion of the sodium atom . phase screen mapping. Improving the accuracy of the differential tilt measurement is possible with the phase mapping algorithm.25 These improvements will lead either to improve the Strehi ratio for a given laser power, or reversely to decrease the laser power for a given Strehi ratio.
The next step of the ELP-OA programme is to set up an experiment at the 1.52 m telescope of Observatoire de Haute Provence where an adaptive optics system will be fed with a polychromatic laser guide star in order to obtain long-exposure diffraction-limited images without any natural guide star. The whole experiment will be optimized in order to decrease the average laser power if possible to 2 x 25 W. The oscillators, possibly reduced to a single device, will be pumped with a CuHBr laser,45 both developed at the LSP. The adaptive optics bench will be the BOA device developed at ONERA.'4 The expected time for this second phase of the ELP-OA programme is three years.
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